We present the carrier-envelope phase-stable mid-infrared sub-cycle pulses, synthesized from an optical parametric amplifier covering the 2.5 9.0 µm range. The strong-field applications in solids and nano-structures are discussed.
INTRODUCTION High-energy, sub-cycle, mid-infrared (mid-IR) pulses with long-term carrier-envelope phase (CEP) stability can provide unique opportunities of exploring phase-sensitive strong-field light-matter interactions in atoms, molecules, and solids. In the mid-IR wavelength, the ponderomotive energy of laser pulses is dramatically increased (versus the visible/near-infrared) and, therefore, the Keldysh parameter is much smaller than unity even at relatively modest laser intensities. This enables to study the strong-field sub-cycle electron dynamics in solids without damage via high-harmonic generation (HHG) [1, 2] . One can also control the electron emissions from nano-devices in the sub-cycle time scale [5] [6] [7] . These efforts are opening a great Pulse synthesis is a very powerful method to overcome the bandwidth limit of conventional laser amplifiers. One can generate and manipulate an optical bandwidth more than one octave by coherently combining ultrashort pulses covering different spectral windows with controlled phase. Single-or sub-cycle pulse synthesizers in the visible-to-near-infrared (IR) spectral region have been demonstrated by coherent multiplexing of pulses from fiber lasers, supercontinuum [3] , and optical parametric chirped-pulse amplifiers (OPCPA) [4] . In the mid-IR range, four-wave mixing through filamentation in gas has been adapted to demonstrate the conical emission of phase-stable sub-cycle pulses [5] and a technique that cascades difference-frequency generation (DFG), spectral broadening, and chirp-compensation [6] have been demonstrated. However, the energy scalability is limited to only ~1 J level in those techniques.
In this work, we present a multi-GW, sub-cycle in-line pulse synthesizer based on a mid-IR optical parametric amplifier (OPA), pumped by CEP-stable, 2.1 m femtosecond pulses. The signal and idler combined spectrum spans from 2.5 to 9.0 µm, which covers the whole midwave-infrared (MWIR) region. We coherently synthesize the passively CEP-stable few-cycle signal and idler pulses to generate 33 J, 0.88-cycle (12.4 fs), pulses centered at ~4.2 m, which is further energy scalable. The in-line synthesis of the CEP-stable sub-cycle pulse is realized through a type-I collinear OPA with minimal temporal walk-off in a thin CdSiP 2 (CSP) crystal, which also supports a phase-matching bandwidth greater than one octave at the idler wavelength. The temporal profile of synthesized pulse is characterized using a cross-correlation frequencyresolved optical gating (XFROG) apparatus. The good CEP stability of signal and idler pulses is individually confirmed. We also successfully showed HHG in thin solid materials, such as silicon, ZnO, and NiO, using this mid-IR source. Our demonstration offers an energy scalable and technically simple platform of laser sources generating CEP-stable sub-cycle pulses in the whole MWIR region for investigating phasesensitive strong-field interactions.
II. MID-IR SUB-CYCLE PULSE GENERATION

A. Experimental Setup
The mid-IR sub-cycle source is based on a 2.1-m-pumped OPA, as shown in Fig. 1 . An octave-spanning Ti:sapphire oscillator provides the seed for the 2.1-m OPCPA through an intrapulse DFG stage which ensures passive CEP stabilization. The kHz, multi-mJ, CEP-stable, 2.1-µm OPCPA [7] serves as the pump of the mid-IR OPA. A 20 µJ portion of the 2.1-µm pump is split for white light generation (WLG) in a 6-mmthick BaF 2 plate [8] as the signal of the mid-IR OPA. A 1.1-mm-thick CSP is chosen for the type-I parametric conversion for its large nonlinear coefficient, broad phase-matching bandwidth, and high damage threshold pumped by 2.1-m pulses. The pump beam size is 6 mm in diameter and intensity is 150 GW/cm 2 at 800 J of pump energy. The output pulse from the mid-IR OPA together with a ~10 µJ, 2.1-µm pulse split from the pump which serves as the reference beam are sent into the XFROG for the temporal characterization.
While the CEP-stable pump enables to provide the CEPstable signal pulse via WLG, the CEP of the idler pulse is also passively stabilized by DFG-like parametric process between the WLG signal and the pump pulses, regardless of the CEP stability of the pump. Therefore, the long-term CEP stability of both signal and idler pulses is ensured without active stabilization pulse compression techniques.
